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ABSTRACT 
FtsH (filamentous !emperature §.ensitive) genes are members of the AAA (A TPases 
~ssociated with diverse cellular ~ctivities) class of proteases and contain an essential AAA 
domain, which contains the ATP binding site, as well as a conserved zinc binding domain. 
FtsH was first identified in E. coli where the enzyme functions both as an ATP-dependent 
protease and as a chaperone. Many phenotypes are conferred by ftsh mutations, and FtsH is 
thought to have both soluble and membrane-bound substrates. FtsH genes comprise a small 
gene family in cyanobacteria and higher plants. Its role in photosynthetic organisms is less 
clear than in E. coli, but it has been implicated in the assembly of components of the 
thylakoid membrane and in the D 1 repair cycle of Photosystem II, during which 
photodamaged D 1 proteins are degraded and replaced by new copies. There are four FtsH 
genes in the unicellular cyanobacterium, Synechocystis sp. PCC 6803. This work focuses on 
understanding the functional role of these genes. An insertion mutant was previously 
obtained for one of the genes (slr0228), and in this study mutants were obtained for the other 
three genes. Two of the mutants were not studied further because of incomplete segregation 
of wild type genome copies; these mutants probably define essential genes. One of the 
mutants had no discernible phenotype, suggesting it is not essential for growth. Finally, 
detailed analyses of slr0228 showed that it is photosensitive and has reduced amounts of 
Photosystem I. This suggests that slr0228 is involved in photoprotection. 
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CHAPTER 1. INTRODUCTION 
AAA superfamily of proteins 
The AAA protein superfamily (A TPases .i:!Ssociated with diverse cellular .i:!Ctivities) is 
of considerable interest because members of this family are involved in various cellular 
processes including cell-cycle regulation, protein degradation, and organelle biogenesis (for 
reviews see Patel et al 1998; Neuwald et al. 1999). AAA proteins are found in both 
eukaryotes and prokaryotes. They are characterized by the presence of either one or two 
conserved regions of about 200-250 amino acids called the AAA domain (ATPase cassette) 
(Confalonieri et al. 1995; Beyer 1997). The AAA domain consists of several conserved 
sequences including Walker A and B motifs. The AAA domain also includes a highly 
conserved region designated the ~econd region of homology (SRH) (Ogura et al 2001), 
which ultimately distinguishes the AAA protein superfamily from other Walker-type 
ATPases (Karata et al. 1999). The AAA superfamily can be divided into two distinct classes, 
Class 1 and Class 2, based on the number of AAA domains present in the proteins. Class 1 
has two AAA domains (AAA-1 and AAA-2) separated by a linker sequence of variable 
length and Class 2 has only one AAA domain, AAA-2 (Mogk et al. 2004). 
The members of the AAA superfamily have varied functions. It is because of this 
variety of biochemical functions that the family was given the name "ATPases .i:!Ssociated 
with diverse cellular .i:!Ctivities." An older name for this family is the "CAD" family, which 
means fonserved ATPase Qomain (Swaffield et al. 1997). AAA proteins function as 
monomers and oligomers (Patel et al. 1998). Based on combined data from the primary 
structure, cellular location and phylogenetic analyses, the AAA superfamily can be divided 
into at least six major families (Frickey et al 2004): 
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(1) 26S proteosome subunits 
(2) Secretion/ neurotransmission proteins 
(3) Cell division cycle/ homotypic fusion proteins 
( 4) Peroxisomal proteins 
(5) Organellar and meiotic proteins 
(6) Metalloproteases 
The 26S proteosome is found in eukaryotes and archaea. The proteins in this class 
form hetero-oligomeric and homo-oligomeric complexes (Frickey et al 2004). In the nucleus 
and cytoplasm of eukaryotes, the 26S proteosome has been shown to be a fundamental 
protease involved in the degradation of ubiquitin (Ub) and ATP-dependent proteins (for 
reviews see Hochstrasser 1996, Coux et al. 1996). The 26S proteosome consists of a 
proteolytic core complex shaped like a barrel (the 20S proteosome) and a 19S regulatory 
complex, which is located at one or both ends of the 20S proteosome core. The 19S subunits 
function to activate proteolysis by translocating and unfolding substrates, thus opening the 
central channel of the 20S proteolytic chamber (Voges et al. 1999). AAA proteins have been 
proposed to act as chaperones in the 19S complex, facilitating transport and unfolding 
activities (Dubiel et al. 1992). AAA proteins have also been implicated in the assembly of 
the 26S proteosome protease itself (Shibahara et al. 2002). 
The soluble AAA protein N-ethlymaleimide-sensitive factor (NSF) and its yeast 
homologue Secl8p are involved in secretion and in several membrane fusion events. This 
protein is one of the best studied proteins of the AAA protein superfamily (Block et al. 1988; 
Wilson et al. 1989). NSF is involved in the docking/fusion step of cellular vesicle fusion 
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events. It is also involved in synaptic transmission in eukaryotes (Patel et al. 1998; Littleton 
et al. 1995). The amino terminal region of NSF interacts with components of the vesicle 
trafficking machinery, while two homologous ATP-binding cassettes in the middle of the 
protein, termed D 1 and D2, possess essential A TPase and hexamerization activities, 
respectively (Lenzen et al. 1998). The NSF protein is important because it prepares SNAP 
receptors (SNAREs) for successive rounds of membrane fusion events. The target-
membrane bound receptors (t-SNAREs) interact with proteins present in the vesicle (v-
SNAREs), causing the target and vesicle membranes to fuse (Muller et al. 1999). An adaptor 
protein termed a-SNAP (~oluble NSF ~ttachment 12rotein) associates with NSF to target t-
SNARE-v-SNARE complexes on membrane surfaces (Whiteheart et al. 2004). SNARE 
molecules are released in the presence of Mg-ATP, thus allowing them to be reprocessed for 
further cycles of fusion (Muller et al. 1999). 
Members of the third subfamily of AAA proteins are involved in Endoplasmic 
Reticulum (ER) homotypic fusion events. These proteins have two well-conserved copies of 
the AAA region. A well-studied yeast protein, Cdc48p, and its homologue in vertebrates, 
termed p97 NCP (~alosin-fontaining protein), are members of this family (Bruderer et al. 
2004). Cdc48p is conserved throughout evolution and has been shown to be involved in 
several homotypic fusion events including the fusion of Golgi and ER membranes (Latterich 
et al. 1995). A yeast temperature sensitive cdc48 mutant was found to be defective in ER 
fusion. However, the function was restored in the mutant with the addition of purified 
Cdc48p (Latterich et al. 1995). The p97NCP protein also functions in ER-mediated 
membrane fusion processes (Zhong et al. 2004). 
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The fourth AAA subfamily of proteins is vital for the function of peroxisomes. This 
family contains two copies of the AAA domain. Among the members of this family, the N-
terminus is poorly-conserved, whereas the C-terminus is highly-conserved. Examples of this 
subfamily include the Pexlp and Pex6p proteins. Pexlp and Pex6p function as a complex, 
and in Yarrowia lipolytica, they are involved in early stages of peroxisomal maturation 
(Titorenko et al. 2000). However, in Pichia pastoris the PEX gene products function at a 
later stage of peroxisome biogenesis and appear to be involved in protein import into the 
organelle (Collins et al. 2000). Thus, Pexlp and Pex6p may be important in multiple stages 
of peroxisome biogenesis (reviewed in Birschmann et al. 2005). 
The fifth subfamily of AAA proteins is involved in meiosis and mitochondrial 
activities and contains only one AAA domain. Members of this subfamily are found in 
eucaryotes and in procaryotes. However, these proteins are the least defined class of AAA 
proteins, and hence their functions are not clearly understood. Very different functions have 
been reported for two members of this class, katanin and mei-1. Katanin is a microtubule-
severing enzyme that has been implicated in meiosis and mitosis (McNally et al. 1993). It 
consists of two subunits which form a heterodimer that binds to microtubules. Binding of 
ATP to the heterodimer causes a change in conformation which severs the microtubule. The 
protein mei-1 from Caenorhabditis elegans is found at the spindle during meiosis I and II. 
This protein is essential for the formation of the meiotic spindle in the maternal germline and 
its loss of function leads to abnormal polar body formation and meiotic failure (Clark-
Maguire et al. 1994 ). 
Metalloproteases represent a sixth subfamily of the AAA superfamily of proteins. 
They are essential in proteolytic processes in prokaryotes and eukaryotes. Proteases are a 
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class of enzymes that cleave proteins by a hydrolysis reaction -the addition of water to a 
peptide bond-- and are traditionally characterized as being either exopeptidases or 
endopeptidases. Exopeptidases produce small peptides and amino acids by attacking the 
peptide bonds at the ends of a protein or the peptide bonds of small peptides. They are 
classified as amino peptidases, di- and tri-peptidases or carboxypeptidases. By contrast, 
endopeptidases attack peptide bonds in the interior of a protein, producing large peptide 
fragments. They are divided into five groups-serine, cysteine, aspartic acid, metallo- and 
mixed -- depending on the amino acid participating in catalysis of the peptide bond. 
Metalloproteases are a large and diverse class of enzymes. Their active site is 
characterized by a catalytic metal ion that allows for the activation of water or another 
nucleophile (Martrisan 1990). One example of a metalloprotease is FtsH (see schematic 
below). FtsH is a membrane-bound ATP-dependent protease that has been extensively 
characterized in Escherichia coli (E. coli). FtsH has two transmembrane regions at its N-
terminus followed by a single AAA cassette (Ogura et al. 2001). At the C-terminus is the 
zinc-binding domain (HEXXH), which is thought to be the catalytic center for proteolysis 
(Tomoyasu et al. 1993b ). FtsH is the focus of this thesis. 
N--·~,-·f~, .. ~t~ .... ·~·· C 
Transmembrane AAA domain Zn2+ binding region 
domains 
The structure of FtsH consists of two transmembrane domains, 
a conserved AAA domain, and a Zn 2• binding region 
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FtsH 
The FtsH gene is found in procaryotes and eucaryotes. In E. coli, a single gene has 
been designated by four different names: ftsH (filamentous temperature §.ensitive ), hflB (high 
frequency lysogenization), tolZ (tolerance Z) and mrsC (mRNA §.tability) (Schumann 1999). 
These genes were identified independently by four different research groups and thereby 
given different designations. 
The E. coli ftsH mutant was isolated as a temperature-sensitive cell division mutant 
that formed filaments under elevated growth temperatures (Santos et al. 1975). The FtsH 
gene product, which is essential for cell growth, is localized on the plasma membrane (Ogura 
et al. 1991). It has 644 amino acid residues and is about 70.7 kDa in size (Tomoyasu et al. 
1993b). 
The hflB gene was discovered by Wulff et al. (1983) in studies to identify genes that 
control the decision of E. coli cells to undergo lysis versus lysogeny of bacteriophage lamda. 
Mutants that favor the lytic cycle (Lon, cya ) and the lysogenic cycle (hflA, hflB) were 
identified. Bacteriophage en protein is a key regulator of lysogenization, controlled by both 
protein stability and transcription. Wulff et al. (1983) found that mutations in either the liflA 
or hflB (high frequency of lysogenization) loci help stablilize the en protein. The hflB gene 
was subsequently found to be identical to the ftsH gene (Herman et al. 1993 ). 
A third research group was interested in colicins, which are toxic proteins that are 
either secreted or taken up by E. coli and some related species of Enterobacteriaceae 
(Smarda et al. 1998). eolicins function in two steps, first, they bind to a receptor on the 
outer surface of the plasma membrane and, second, they interact with another protein on the 
cell surface that facilitates their entry into the cell. eolicin-resistant mutations can act at 
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either of these steps, thereby preventing uptake of colicins. The tol genes were discovered in 
E. coli mutants that exhibit tolerance to colicins by blocking the second step after receptor 
binding (Matsuzawa et al. 1984; for review Qu et al. 1996). This gene was also found to be 
identical to ftsH. 
In their quest to identify new genes involved in mRNA degradation in E. coli, a group 
of researchers mapped a gene they called mrsC because it was required for synthesis of RNA, 
normal mRNA decay and cell growth (Granger 1998). They found that the gene was in fact 
an allele of the hflB!ftsH locus (Wang et al. 1998). 
While genome sequencing efforts have revealed that FtsH genes are ubiquitous in 
procaryotes and eucaryotes, their functions have been characterized in few organisms other 
than E. coli. In Bacillus subtilis FtsH is required for growth under anaerobic conditions 
(Nakano et al. 1997). Also in B. subtilis, an increase in FtsH abundance results in increased 
survival under conditions of high temperature and osmolarity, and FtsH appears to be 
essential for sporulation and secretion (Duerling et al. 1995). 
The presence of eucaryotic FtsH homologues was first demonstrated in the 
mitochondria of Saccharomyces cerevisiae (Weber et al. 1996). Three proteins, YtalOp, 
Ytal2p and Ymelp were identified and shown to be involved in the degradation of proteins 
in the inner membrane. In higher plants, FtsH was first discovered in the chloroplasts of 
spinach using an E. coli FtsH antibody (Lindahl et al. 1996). The FtsH protein was found to 
be tightly bound to the thylakoid membrane, and topological studies indicated that the 
conserved ATP and catalytic zinc-binding domains were located in the stroma of the 
chloroplast (Lindahl et al. 1996). 
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FtsH in Arabidopsis thaliana 
Analysis of the completely-sequenced genome of Arabidopsis thaliana revealed the 
presence of twelve FtsH genes (AtFtsHl-AtFtsH12) (see Phylogenetic Tree). A majority of 
the FtsH proteins are targeted to either the chloroplast or mitochondrion. AtFtsHl, 
AtFtsH2N AR2, and AtFtsH5N ARl are the best characterized of these isoforms (Sakamoto 
et al. 2002, Yu et al. 2004). 
Phylogenetic Tree of FtsH from Arabidopsis thaliana and Synechocystis sp. PCC 6803 
(Yu et al. 2004) 
AtFtsH2 
'----AtFtsH6 
.------slr1 390 Synechocystis 
'-----slr022B Synechocystis 
~--- slr1604 Synechocyst1s 
'-----<[ AtFtsH1 
AtFtsHS 
.--------AtFtsH4 
~---< 
~-----AtFtsH 11 
AtFtsH3 
AtFtsH10 
.---------sll1463 Synechocystis 
AtFtsH7 
AtftsH9 
'----------------AtFtsH12 
f-----1 
0.1 
The AtFtsHl protein is an integral thylakoid membrane protein whose large C-
terminus faces the stroma. The C-terminus contains the AAA cassette and the zinc-binding 
domain and is responsible for substrate specificity and catalysis. Lindahl et al. (1996) 
demonstrated in vitro that recombinant AtFtsHl can degrade a 23-kD proteolytic product of 
the D 1 protein in the core complexes of photoinhibited Photosystem II (PSII). These results 
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suggest that AtFtsH 1 recognizes the damaged D 1 protein after photooxidation to remove it 
from the reaction center. 
The second chloroplast AtFtsH homologue (AtFtsH2) was identified as the gene 
product responsible for the var2 variegation phenotype of Arabidopsis (Chen et al. 1999, 
2000). In var2, the leaves have green and white sectors. The green sectors contain normal 
chloroplasts, while the white sectors are defective in chloroplast biogenesis and contain 
plastids that lack pigments and organized lamellar structures (Chen et al. 1999). The 
AtFtsH2/V AR2 gene was positionally cloned and shown to bear similarity to E. coli FtsH and 
to Arabidopsis AtFtsHJ (Chen et al. 2000). Like AtFtsHl, AtFtsH2 is a thylakoid membrane 
protein with its large C-terminus facing the stroma. AtFtsH2N AR2 forms oligomeric 
complexes with AtFtsH5N ARl, AtFtsH8 and AtFtsHl (Yu et al. 2004). These proteins 
appear to be present as two pairs of redundant proteins (AtFtsH2 & 8 and AtFtsHl & 5) that 
likely arose by duplication during the evolution of the Arabidopsis genome (See 
Phylogenetic Tree) (Yu et al. 2004). This was demonstrated in experiments in which 
AtFtsH8, but not AtFtsHl & 5, were able to complement var2 (lacking AtFtsH2), restoring 
the wild type phenotype (Yu et al. 2004). Converse experiments showed that varl (lacking 
AtFtsH5), could be rescued by AtFtsHl but not by AtFtsH2 & 8 (F. Yu and S. Rodermel, 
unpublished data). The complementation experiments thus suggest that there are two 
functionally-redundant pairs of chloroplast AtFtsH subunits. Furthermore, these experiments 
showed that in mutants lacking one of the subunits, such as var2, the abundance of AtFtsH8 
is not affected, but the overall decreases in the abundance of the AtFtsH2 & 8 pair are 
matched by a decrease in the abundance of the AtFtsHl & 5 pair. Taken together, these data 
suggest that subunit stoichiometry in the AtFtsH complex is monitored by matching the 
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abundance of the AtFtsH2/8 pair to the AtFtsHl/5 pair (and vice versa) with turnover of 
excess subunits (Yu et al., 2004). 
The functions of the various AtFtsH isoforms are poorly understood. As described 
below, AtFtsH2 and AtFtsH5 appear to play roles in the Dl repair cycle, during which the 
photodamaged D 1 protein of PSII is degraded and replaced in the thylakoid membrane by a 
new copy. FtsH has also been found to be involved in the degradation of unassembled 
cytochrome b6fRieske FeS proteins in the thylakoid membrane (Ostersetzer et al. 1997). An 
FtsH homologue in tobacco is involved plant pathogen interactions by affecting N-gene 
mediated hypersensitive reactions, but its mode of action has not been ascertained (Seo et al. 
2000). 
Photoinhibition 
Oxygenic photosynthesis is the driving force of all life. Photosynthesis is the process 
of using light energy to oxidize water and generate electrons that eventually can be used to 
fix carbon dioxide to sugars (summarized in Taiz et al. 1998). This process is composed of 
two sets of reactions, the light reactions and the dark reactions. The light reactions occur in 
the thylakoid membranes of chloroplasts and convert light energy to chemical energy in the 
form of ATP and NADPH. The dark reactions occur in the stroma where ATP and NADPH 
are used in carbon fixation. 
Light energy is harvested by Photosystem I (PSI) and Photosystem II (PSII) light 
harvesting complexes. The most common type of light-dependent reaction in photosynthesis 
is noncyclic photophosphorylation. When light energy is absorbed by antenna chlorophyll 
pigments, energy is funneled to the PS II reaction center, P680. P680 is excited and releases 
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an electron. Electrons are then transferred to the cytochrome bef complex via plastoquinone. 
The cytochrome bef complex transfers electrons to reduce P700 via plastocyanin. Electrons 
are then transferred to soluble ferredoxin (Fd) to reduce NADP+ to NADPH. Also during the 
light reactions, water is oxidized releasing oxygen, H+, and electrons. Electrons are used to 
continually reduce oxidized PSII. ATP is made because of an electochemical proton gradient 
that is generated during the light reactions. 
Plants have a considerable ability to withstand increased amounts of light energy, but 
under some conditions they may not be able to deal with all the incoming energy. When 
light intensity is greater than the utilizing capacity, there is an excess amount of light energy. 
In the event that there is too much light energy, it causes damage. This damage is in the form 
of reactive oxygen species such as superoxides and hydroxyl radicals. The first line in 
preventing damage is by releasing excess excitation energy as heat. However, if this does 
not render sufficient photoprotection, reactive oxygen species form and can damage 
important molecules such as the PSII D 1 protein, resulting in photoinhibition. To potentially 
deal with this problem, plants have evolved mechanisms to repair damaged factors to sustain 
the process of oxygenic photosynthesis. One prominent mechanism is the D 1 repair cycle, 
during which the D 1 protein is removed from the PSII reaction center and degraded. A 
newly synthesized Dl is then reinserted into the PSII reaction center to form a functional unit 
(summarized from Taiz et al 1998). 
The FtsH protein has been shown to be involved in the Dl repair cycle. In particular, 
Lindahl et al. (2000), using AtFtsH 1, demonstrated in vitro that D 1 degradation proceeds by 
two steps. In the first, the DegP protease cleaves the 32 kD D 1 protein into two fragments 
(9kD and 23 kD). FtsH then acts to degrade the 23kDa Dl protein fragment in an ATP-
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dependent manner. Consistent with these in vitro results, the D 1 repair cycle is impaired in 
both var2 and varl, indicating that AtFtsH2 and AtFtsH5, as well as AtFtsHl, are important 
in PSII photoprotection. 
Cyanobacteria as a Model System 
Cyanobacteria are presumably among the oldest photosynthetic organisms and are 
thought to be ancestors of the chloroplast. The development of the chloroplast occurred from 
an endosymbiotic event with cyanobacteria. Chloroplasts have many characteristics in 
common with cyanobacteria. First, they both undergo oxygenic photosynthesis and have 
many photosynthetic proteins in common. Second, they both have bacterial-like mechanisms 
of protein synthesis: their chromosomes are circular and multicopy, and they translate 
mRNAs on 70S ribosomes (versus 80S ribosomes found in the cytosol). The functional 
analysis of photosynthetic proteins can be conveniently studied in cyanobacteria because 
Synechocystis sp. PCC 6803 has several advantages over plants. First, it is efficient in 
homologous recombination and has the ability to effectively express resistance genes. Second, 
it grows relatively quickly, so analyses can be performed in weeks rather than months. 
Another advantage is that the genome has been completely sequenced, containing 3168 genes. 
Because of its advantages, Synechocystis sp. PCC 6803 has been used in many studies, 
including the light reactions of photosynthesis, carbon metabolism, pigment analysis 
(chlorophyll and carotenoid), respiration. 
The goal of this thesis is to use Synechocystis sp. PCC 6803 as a model to understand 
the function of FtsH genes. 
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FtsH in Synechocystis sp. PCC 6803 
The cyanobacterium Synechocystis sp. PCC 6803 has four FtsH genes: slr0228 (627 
aa), slr1390 (643 aa), slll463 (628 aa) and slr1604 (616 aa). Figure 1 shows the multiple 
sequence alignment for these genes illustrating their homology. From the Phylogenetic Tree, 
it can be observed that slr0228 and slrl390 are closely related to one another, perhaps arising 
by duplication during the evolution of cyanobacteria. The products of these genes are also in 
the same clade as the pair of redundant Arabidopsis FtsH proteins, AtFtsH2 (V AR2) and 
AtFtsH8. In a similar manner, slr1604 is in the same clade as the redundant pair, AtFtsH5 
(VARI) and AtFtsHl, and sll1463 is in the same clade as AtFtsH7 and AtFtsH9. It is not 
known whether these phylogenetic similarities extend to function. 
Of the four cyanobacterial FtsH genes, only slr0228 has been studied to any extent. 
Mann et al. (2000) isolated an insertional mutant of slr0228 by homologous recombination 
and found that it showed a 60% reduction in functional Photosystem I and in PSI protein 
abundance, without affecting the cellular content of Photosystem II or phycobilisomes. This 
reduction in PSI is visible as a pale-green phenotype. When exposed to high-light conditions, 
the slr0228 mutant is not viable without added glucose and is sensitive to photoinhibition at 
irradiances that do not hinder Photosystem I of wild type cells. These studies suggest that 
slr0228 is important in photoprotection. Silva et al. (2003) verified this conclusion and 
demonstrated that slr0228 is required at an early stage of D 1 degradation during the D 1 
repair cycle. Consistent with this, Hihara et al. (2001) found in global microarray analyses 
that slr0228 is induced in high light-stressed Synechocystis sp. PCC 6803. 
The purpose of this thesis is to characterize an insertional mutant of slr0228 that was 
isolated in the Rodermel lab by a former student (A. Manuell and S. Rodermel, unpublished 
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data). Work is also described on obtaining and characterizing mutants for the other three 
FtsH homologues of Synechocystis sp. PCC 6803. 
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Figure 1. Sequence homology for FtsH genes in Synechocystis PCC 6803. 
Constructed multiple sequence alignment with the CLUSTALW(l.82) program using default 
settings (www.ebi .ac.uk/clustalw/) . Degree of similarity is illustrated below the sequences: 
(*) sequence alignment is identical; (:) conserved alignment sequence; (.) semi-conserved 
alignment sequence 
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MSKNNKKWRNAGLYALLLIVVL---------------ALASAFFDRPT----------QT 35 
---MAIKPQPQWQRRLASVLLWG------- - --STIYLLVNLLAPALFR - --------SQ 38 
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RETLSYSDFVNRVEANQIERVNLSAD----RTQAQVPN----PSGGPPYLVNLP- NDPDL 86 
PPQVPYSLFIDQVEGDKVASVYVGQNEIRYQLKPEAEDEGKEKAAEGQILRTTPIFDLEL 98 
: *. : : : : . . . : : * : :* 
IARLRDSN--IRLDSHPVRNNGMVWGFVGNLI F PVLLIASLFFLFRRSSN-MPGGPGQAM 152 
LNLLRSRSETIDLDINRTPDNSALYGLLTNLLVVAILIGLVVMVVRRSAN - ASG - - - QAM 168 
INILTQHN--VDIAVQPQSDEGFWFRIASTLFLPILLLVGIFFLFRRAQS - GPG - -SQAM 141 
PKRLEAKG--IEFAAAPPAKNSWFGTLLSWVIPPLIFVGIWS FFLNRNNNGAPG - - - GAL 153 
* .... * * *: 
NFGKSKARFQMDAK- TGVMFDDVAGIDEAKEELQEVVTFLKQPERFTAVGAKIPKGVLLV 211 
SFGKSKARFQMEAK-TGVGFDDVAGIDEAKEELQEVVTFLKQPEKFTAIGAKIPRGVLLI 227 
NFGKSKARVQMEPQ-TQVTFGDVAGIEQAKLELTEVVDFLKNADRFTELGAKIPKGVLLV 200 
AFTKSKAKVYVEGDSTKVTFDDVAGVEEAKTELSEVVDFLKFPQRYTALGAKI PKGVLLV 21 3 
* ****:. :: . * * *.****:: :** ** *** *** . :::* : *****:****: 
GPPGTGKTLLAKAIAGEAGVPFFSISGSEFVEMFVGVGASRVRDLFKKAKENAPCLIFID 271 
GPPGTGKTLLAKAIAGEAGVPFFSISGSEFVEMFVGVGASRVRDLFKKAKENAPCLVFID 287 
GPPGTGKTLLAKAVAGEAGVPFFSISGSEFVEMFVGVGASRVRDLFEQAKANAPCIVFID 260 
GPPGTGKTLLAKAAAGEAGVPFFIISGSEFVELFVGAGAARVRDLFEQAKKQAPCIVFID 273 
************* ********* ********: ***. **: ******:: ** : ***:: *** 
EIDAVGRQRGAG-IGGGNDEREQTLNQLLTEMDGFEGN - TGIIIIAATNRPDVLDSALMR 329 
EIDAVGRQRGVG-YGGGNDEREQTLNQLLTEMDGFEGN-SGIIVIAATNRPDVLDLALLR 345 
EIDAVGRQRGAG-LGGGNDEREQTLNQLLTEMDGFEGN-TGIIIVAATNRPDVLDSALMR 318 
ELDAIGKSRASGAFMGGNDEREQTLNQLLTEMDGFSAAGATVIVLAATNRPETLDPALLR 333 
* : ** : *:.*. ******************** : :*::* * **** : .** ** : * 
PGRFDRQVMVDAPDYSGRKEILEVHARNKKLAPEVSIDSIARRTPGFSGADLANLLNEAA 389 
PGRFDRQVTVDYPDVQGRELILAI HAQNKKLHEEVQLAAIARRTPGFTGADLANVLNEAA 405 
PGRFDRQVVVDRPDYAGRREILNVHARGKTLSQDVDLDKIARRTPGFTGADLSNLLNEAA 378 
PGRFDRQVLVDRPDLAGRLKILEIYAKKIKLDKEVELKNIATRTPGFAGADLANLVNEAA 393 
******** ** ** ** ** : :*: * :* .: ** *****:**** : * : : **** 
ILTARRRKSAITLLEIDDAVDRVVAGMEGTPLVDS-KSKRLIAYHEVGHAIVGTLLKDHD 448 
IFTARRRKEAITMAEVNDAIDRVVAGMEGTPLVDS-KSKRLIAYHEVGHALIGTLCPGHD 464 
ILAARRNLTEISMDEVNDAIDRVLAGPEKKNRVMSEKRKTLVAYHEAGHALVGALMPDYD 438 
LLAARNKQDSVTEADFREAIERVVAGLEKKSRVLSDKEKKIVAYHEVGHALVGAVMPGGG 453 
: : : ** : . :*::**:** * * * * * :: **** . *** : :*:: 
PVQKVTLIPRGQ-AQGLTWFTPNEE- - -QGLTTKAQLMARIAGAMGGRAAEEEVFGDDEV 504 
PVEKVTLIPRGQ-AQGLTWFTPDED---QSLMTRNQMIARIAGLLGGRVAEEVIFGDDEV 520 
PVQKISIIPRGR-AGGLTWFTPSEDRMESGLYSRSYLQNQMAVALGGRIAEEIIFGEEEV 497 
QVAKISIVPRGMAALGYTLQMPTED---RFLLNESELRDQIATLLGGRAAEEIVF--DSI 508 
* *:: : : *** * * * * * : * : :* :*** *** :* 
TTGAGGDLQQVTEMARQMVTRFGMSN-LGPISLESSGGEVFLGGGLMN-RSEYSEEVATR 562 
TTGAGNDIEKITYLARQMVTKLGMSS-LGLVALEEEGDRNFSGGDWGK-RSEYSEDIAAR 578 
TTGASNDLQQVARVARQMVTRFGMSDRLGPVALGRQGGGVFLGRDIAS-DRDFSDETAAA 556 
TTGAANDLQRATDLAEQMVTTYGMSKVLGPLAYDKGQQNNFLGQGMGNPRRMVSDDTAKE 568 
**** . . *: :: : :*.**** *** ** . . * :: * 
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Figure 1. (Cont.) 
slr0228 
slr1390 
slrl604 
slll463 
slr0228 
slr1390 
slrl604 
slll463 
IDAQVRQLAEQGHQMARKIVQEQREVVDRLVDLLIEKETIDGEEFRQIVAEYAEVPVKEQ 622 
IDREIQAIVTAAHQRATRIIEENRNLMDLLVDALIDQETIEGEHFRQLVESYQQSQKQPA 638 
IDEEVSQLVDQAYQRAKQVLVENRGILDQLAEILVEKETVDSEELQTLLANNN--AKLAL 614 
IDLEVKEIVEQGHNQALAILEHNRDLLEAIAEKILEKEVI EGEELHHLLGQVQAPGTLVV 628 
** : : 
LIPQL 627 
LAGK- 642 
LV--- 616 
* : : . : * : : : : . : : : : : *. : : . *.:: : : . 
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CHAPTER 2. METHODS AND MATERIALS 
Cyanobacterial strains and culture conditions 
The wild type Synechocystis sp. PCC 6803 and mutant strains slr0228 and sll 1463 
were grown in BG-11 medium (Rippka et al. 1979) at 26°C under 50 umoles m-2 s-1 
continuous light, with gentle agitation. Large cell cultures (2: lL) were aerated by bubbling 
with sterilized air. The growth of cyanobacterial cell cultures was monitored at 730 nm. with 
a UV-2000 Spectrophotometer (Hitachi Instruments, Japan). 
Gene cloning and isolation of FtsH mutants 
Generation of plasmid contructs - Fragments 1 & 2 (see Fig. 2) of sll1463, slr1390 
and slr1604 were amplified from genomic DNA of wild type Synechocystis sp. PCC 6803 
using the primers listed in Table 1. PCR amplifications were performed for 35-38 cycles. 
Each PCR cycle was as follows: 94°C for 15 sec., 55°C for 30 sec. and 72°C for 1 min. using 
Taq DNA Polymerase (lnvitrogen, Carlsbed, CA, USA). The resulting PCR products were 
digested with restriction enzymes and cloned into pBluescript II KS vector (Stratagene, CA, 
USA) according to standard protocols. A kanamycin expression cassette was cloned between 
Fragments l& 2. 
Transformation and segregation - Wild type Synechocystis sp. PCC 6803 cells were 
transformed as previously described (Chitnis 1996). Briefly, wild type cells were grown to 
0.5 OD730 and harvested by centrifugation (4000 g) for 10 minutes at room temperature. The 
cells were washed twice in BG-11, then gently mixed with approximately 20 ul of the DNA 
constructs. Following an overnight incubation at 26°C, the cells were plated onto BG-11 
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plates containing 25 ug/ml kanamycin. Kanamycin-resistant colonies were allowed to grow 
for 2-3 weeks under low light intensity (:S 5 umoles m-2 s-1) at 26°C (Williams et al. 1988). 
The transformants were segregated for more than three generations. After segregation, the 
genomic DNAs were isolated from the mutant strains. The fragments containing the mutated 
sites were amplified by PCR and sequenced to confirm the presence of the desired mutations. 
Determination of growth rate under varying light intensities 
Wild type and mutant cells were cultured in BG-11 medium with 5mM glucose and 
harvested at an OD730 of 1.0. Cells were centrifuged (4000 g) for 10 minutes at room 
temperature, washed twice to remove glucose and resuspended in 5mL BG-11 medium 
without glucose. The freshly-grown cells were added to 50 mL of BG-11 medium 
supplemented with or without 5mM glucose and the appropriate antibiotic (25ug/ml 
kanamycin) at a starting concentration of 0.05 OD± 0.01 - 0.03. Cell cultures were grown at 
26°C under low light (:S 10 umoles m-2 s-1); normal light (-50 umoles m-2 s-1); high light(~ 
100 umoles m-2 s-1) with constant agitation. The growth of the cultures was monitored at 
regular intervals by measuring the absorbance at 730 nm .. 
Isolation of crude thylakoid membranes 
Thylakoid membranes from wild type and mutant cyanobacterial strains were isolated 
according to previously published methods (Fromme et al. 1996; Sun et al. 1998). Cell 
cultures were grown under continuous illumination at 50 umoles m-2 s-1 to an OD730 of 1.0. 
Glucose (5mM) and appropriate antibiotics (25ug/ml) were added to the growth medium as 
needed. The cells were harvested by centrifugation ( 4000 g) for 10 minutes at 4 °C and 
resuspended in SMN buffer (0.4M sucrose, lOmM NaCl, lOmM MOPS-HCl, pH 7.0), 
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lOOmM PMSF, 0.5mM EDT A and approximately 20 mL glass beads (Midwest Scientific, 
Valley Park, MO). The cells were disrupted in dim light at 4°C with a bead beater (Biospec 
Products, Inc., Bartlesville, OK) 11-12 times at high speed for 30 seconds with 3 minutes 
cooling on ice between the runs. The crude extract was centrifuged for 30 minutes at 4000 g 
to remove the glass beads and unbroken cells at 4 °C. Thylakoid membranes were pelleted by 
centrifugation at 25,000 rpm for 1 hr. at 4°C using a Beckman Coulter Optima™ LE-SOK 
Ultracentrifuge ( 45 -Ti rotor) (Beckman Instruments, Palo Alto, CA). The pellet was 
resuspended and homogenized in SMN buffer and stored at -20°C for further analysis. 
Chlorophyll concentrations of the thylakoid membranes were determined using 80% (v/v) 
acetone (Chitnis et al. 1995) using a UV2000 Spectrophotometer. The protein concentrations 
of the thylakoid membrane fractions were determined by the Bradford Method (Bio-Rad, 
Hercules, CA, USA). Bovine albumin serum (BSA) was used as a standard for the protein 
assays. 
Gel electrophoresis and immunoblotting analyses 
Synechocystis thylakoid membranes were isolated as described previously. Thylakoid 
membranes were solubilized at 37°C for 2 hours with 2X SDS buffer (2% SDS and 0.1 % P-
mercaptoethanol) (Laemmli 1970). Proteins were resolved on 12% and/or 15% SDS-PAGE 
using lX Running Buffer (50mM Tris, 385mM Glycine, 0.1 % SDS). Gels were stained with 
commassie blue (10% acetic acid, 40% methanol and 0.5% commassie blue) for 12 hours, 
then destained with 5% ethanol and 10% acetic acid for 12 hours. For Western 
immunoblotting, proteins were transferred in lX Transfer Buffer (20% methanol, 25mM Tris, 
192mM Glycine) onto nitrocellulose membranes (lmmobion-NC, Millipore, Billerica, MA, 
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USA) and probed with polyclonal antibodies specific for Synechocystis PS I complex and 
Arabidopsis thaliana proteins. SuperSignal West Pico chemiluminescence kit (Pierce, 
Rockford, IL, USA) was used for detection of protein signals. 
Two-dimensional native green gels 
Thylakoid membranes were isolated as previously described, followed by analysis of 
a first-dimension green gel (Allen and Staehelin, 1991). For native green gel analyses 
membranes were solubilized in a detergent mixture (0.45 % octyl glucoside, 0.45% decyl 
maltoside, 0.1 % lithium dodecyl sulfate, 10% glycerol, 2mM Tris maleate, pH 7 .0) and 
loaded onto a 3mm 8% non-denaturing polyacrylamide gel (MiniProtein II, Bio-Rad, 
Hercules, CA). The membrane samples were electrophoresed at 4 °C (loading was 45 µg of 
chlorophyll) for 80 minutes at 10 mA. Gel strips were excised from the first dimension 
native gel and incubated 2-3 hours at 65°C in 2X SDS buffer (1 % SDS and 0.1 % ~­
mercaptoethanol) (Laemmli 1970). These strips were then loaded onto a preparative SDS-
PAGE and electrophoresed according to Xu et al. 1994. The gels were stained with 
commassie blue (10% acetic acid, 40% methanol and 0.5 % commassie blue) overnight and 
destained with 5% destaining solution (5% ethanol and 10% acetic acid) . The gels were 
scanned with Densitometer GS-800 (Bio-Rad, Hercules, CA, USA) to detect spot selection 
for mass spectrometry. 
MALDI-TOF mass spectrometry 
Protein spots from commassie blue-stained gels were picked manually from the SDS-
PAGE gel with a pipette type picker with disposable tips (Gel Company, San Francisco, CA). 
Subsequent sample processing was performed on an Ettan Spot handling workstation 
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(Amersham, Uppsala, Sweden) using standard procedures. Samples were digested with 
trypsin (Promega, sequencing grade, Madison, WI), mixed with matrix and spotted on the 
MALDI plate. The matrix solution consisted of 10 mg/ml a.-cyano-4-hydroxycinnamic acid, 
5 mg/ml ammonium citrate, 1 % trifluoroacetic acid and 50% acetonitrile. The dried spots 
were washed on the plate with 0.1 % trifluoroacetic acid before introduction into the mass 
spectrometer. 
Mass spectrometry was performed on a Qstar-XL (Applied Biosystems, Foster City, 
CA) equipped with an o-MALDI source. The spectra were collected on the largest two 
singly charged mass peaks in the range of 600-2000 mlz. Each cycle excluded masses 
collected in previous cycles. Data was collected over a range of 50-2000 mlz for 60 seconds 
for each MS/MS spectrum. Mass-dependent collision energies had been previously 
optimized and were applied automatically by the software. Data were analyzed with analyst 
QS software (Applied Biosystems, Foster City, CA). 
Database searches were performed on a locally licensed copy of version 2.0.04 of 
Mascot Server (Matrix Sciences, London, UK). The search was limited to bacterial proteins 
listed in the Uniprot database (European Bioinformatics Institute, Cambridge, UK). The 
Swissprot database was searched and 67663 sequences were found. Trembl database 
contained 495898 sequences when searched. Although all bacterial species were included in 
the search, in all cases the correct species (Synechocystis sp. PCC 6803) was identified as the 
top match. Scores greater than 30 and corresponding to the correct bacterial species were 
required for identification. 
Database search parameters -
Instrument type: MALDI-QUAD-TOF 
Enzyme: Trypsin 
Missed Cleavages: 1 
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Fixed Modification: Carboxyamidomethylcysteine 
Variable Modification: Oxidation of Methionine 
MS mass error: 50 ppm 
MS/MS mass error: 0.8 Da 
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Table 1: Oligonucleotides used for generation of FtsH plasmid constructs 
Primer name and total sequence shown 5' to 3'. Restriction enzyme sites are underlined in 
sequence and indicated in parenthesis. 
Primer Name Sequence 
1390Fl CGGAATTCGTCGAGATACTGGTCCACTTC (Eco RI) 
1390Rl AAAACTGCAGTCTCCATTGCTGGAGTTAGG (Pstl) 
1390F2 AAAACTGCAGCCTGCTCTAGCCGGTAAG (Pstl) 
1390R2 GCGGATCCTTCGGTGGTGCTACCAATG (BamHl) 
1463Fl AGGATTAGAATTCGAAACCACCATTG (Eco RI) 
1463Rl GTGGAGCCCCACTGCAGGACGCTAGC (Pstl) 
1463F2 GTGACGACACTGCAGAAGAAATTGACCTAG (Pstl) 
1463R2 CGCTCTAGATTAACCTGACTTGGCTC (Xbal) 
1604Fl CTAAACTAGAATTCGCCCAGGAGTGGGC (Eco RI) 
1604Rl GTCGGGGTCGTTCTGCAGATTGACTTAAG (Pstl) 
1604F2 GATGAAACCGCTGCAGCGATCGATGAGG (Pstl) 
1604R2 CGCGGATCCATTTGGGAAAATCATGGG (BamHl) 
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CHAPTER 3. RESULTS 
The efficiency of homologous recombination in Synechocystis sp. PCC 6803 helps 
make it a model organism to study chloroplast functions in plants. For the present studies, 
the function of each of the four Synechocystis sp. PCC 6803 FtsH genes was examined by 
characterizing mutants in which an antibiotic resisance gene was inserted by homologous 
recombination into the coding region of the gene-of-interest. When the present experiments 
were initiated, an insertional mutant had already been generated in the Rodermel lab for 
slr0228 (A. Manuell and S. Rodermel, unpublished data). Thus, the first aim of the present 
research was to create insertional mutants for the three remaining FtsH genes: slr1390, 
sll1463, slr1604. 
After generating the mutants, it is necessary to segregate away the wild type copies of 
the genome. An inability to do this suggests that the gene-of-interest is essential for survival. 
After segregation, the mutants can be characterized to gain information about the function of 
the protein-of-interest. The Results section of this thesis is thus divided into three sections: 
Construct generation 
Mutant segregation 
Mutant characterization 
Construct generation 
The general scheme for constructing Synechocystis mutants by targeted inactivation is 
diagrammed in Fig. 2A. Briefly, fragments 1 and 2 of each target gene were amplified by 
PCR. After restriction enzyme digestion, the amplified fragments were cloned into 
pBlueScript along with the antibiotic resistant cassette (the kanamycin resistance gene was 
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used for all genes). The constructs were then transformed into Synechocystis sp. PCC 6803, 
allowing targeted gene replacement to occur by homologous recombination (Fig. 2B). 
Fig. 3 shows the restriction maps of the three vectors that were used to transform 
Synechocystis and the restriction digests that were used to verify these maps. These vectors 
contained two fragments each from the coding regions of slr1390, slrl604 and slll463. Fig. 
3A is the restriction map of the slr1390 construct, and Fig. 3B is a stained agarose gel 
showing the fragments obtained by digesting this plasmid with EcoRI + Pstl (lane 2); Pstl + 
BamHI (lane 3); and Pstl (lane 4). As expected, digestion with Pstl (lane 4) gives rise to two 
fragments: a 1.2. kb fragment containing the kanamycin resistance gene and a fragment 
containing pBlueScript +Fl + F2 sequences. Digestion with EcoRI + Pstl (lane 2) liberates 
the Fl fragment (1.0 kb) from the large pBlueScript +Fl + F2 fragment, whereas digestion 
with BamHI + Pstl liberates the F2 fragment (0.95 kb) (lane 3). These data support the 
restriction map in Fig. 3A. 
Fig. 3C is the restriction map of the slr1604 construct. The digestions that were 
conducted to confirm this map are shown in Fig 3D. As expected, digestion with Pstl (lane 
4) gives rise to two fragments: a 1.2. kb kanamycin-containing fragment and a fragment 
containing pBlueScript + Fl + F2 sequences. Analogous to Fig. 3B, digestion of the vector 
with EcoRI + Pstl liberates the Fl fragment (0.54 kb) from the pBlueScript + Fl + F2 
sequence (lane 2), whereas digestion with Baml + Pstl liberates the F2 fragment (0.54 kb) 
(lane 3). As anticipated, digestion with Baml + EcoRI results in two fragments: a 2.29 kb 
fragment containing the antibiotic marker + Fl + F2, and a larger pBlueScript fragment (lane 
5). These data support the map in Fig. 3C. 
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Finally, Fig. 3E illustrates the restriction map of the slll463 plasmid construct; the 
confirming gel digests are shown in Fig. 3E. Digestion with Pstl (lane 4) results in a 
fragment that contains the kanamycin sequence ( 1.2 kb) and a fragment that contains 
pBlueScript + Fl + F2 sequences. Double digestion with Pstl + Xbal releases the F2 
fragment (0.57 kb) from this larger sequence (lane 2), whereas double digestion with Pstl + 
EcoRl releases the Fl fragment (0.65 kb) (lane 3). These data are consistent with the map in 
Fig. 3E. 
Considered together, the data in Fig. 3 indicate that the three vectors used to 
transform Synechocystis contain the correct fragments. 
Mutant segregation 
Synechocystis sp. PCC 6803 contains multiple copies of its circular genome, but 
homologous recombination occurs in only one or at most few of these genomes. To rid cells 
of the wild type copies, it is necessary to allow them to replicate for a number of generations 
under selective pressure, thus "segregating" out their wild type copies. The presence of the 
wild type or mutant genomes can be conveniently assayed by gel electrophoresis of PCR-
amplified fragments from the two types of genomes, which should vary in size when using 
primers encompass the site of insertion of the antibiotic marker. 
Fig. 4 shows PCR analysis of the slr1390 transformants after the third generation of 
segregation. Genomic DNAs were isolated from wild type and slr1390 strains, and PCR was 
conducted using upstream primer 1390Fl and downstream primer 1390R2. The PCR 
products were resolved on an agarose gel. Lane 3 shows the location of the amplified 
fragments on a stained gel in the wild type cells (3.9 kb). This fragment size is also present 
27 
in the slr1390 strain (lane 1). However, the abundance of this fragment is significantly less 
than that of the 3.1 kb "mutant" fragment that contains the transformant gene, conferring 
kanamycin-resistance. These data indicate that the slr1390 strain has wild type and mutant 
copies of the slr1390 gene, although the mutant copies predominate. 
Similar experiments were conducted with slr1604 transformants usmg pnmers 
1604Fl and 1604R2. As with slr1390, wild type fragments were present in the transformants 
(data not shown). Because it was not possible to obtain cells with only slr1390 or slr1604 
mutant genomes, even after segregation for a number of generations, it is possible that 
knockout mutations in these genes are lethal. If so, this would suggest that these genes play 
essential roles in Synechocystis sp. PCC 6803. 
Fig. 5 shows PCR analysis of the sll1463 transformants after the third generation of 
segregation. The PCR assays were conducted with upstream primer 1463Fl and downstream 
primer 1463R2. Lane 2 shows the size of the amplified fragment (2.8 kb) in wild type cells. 
This fragment is not present at appreciable levels, if at all, in the transformants. Rather, the 
mutant cells contain a single band, which migrates at the anticipated size of a fragment that 
encompasses the integrated kanamycin-resistant cassette (2.4 kb) (lane 3). This conclusion 
was confirmed by DNA sequencing of the 2.4 kb fragment in lane 3. These results suggest 
that the sll1463 transformant might be a knockout mutant, or at the very least, that it 
approximates the null phenotype. 
Mutant characterization 
The overall purpose of this project is to study the functions of the four members of 
the cyanobacterial FtsH gene family. Given the scope of this thesis, it was not possible to 
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examine in detail the phenotypes of each of the four mutants. Rather, because of the ready 
availability of the slr0228 mutant in our lab (A. Manuell and S. Rodermel, unpublished data), 
this mutant was most thoroughly characterized. The growth characteristics of this mutant 
were determined, and protein experiments were carried out to assess the impact of the 
slr0228 mutation on the composition of the thylakoid membranes. Because it was possible to 
obtain knockout mutants for only one of the other three FtsH homologs (sll1463), phenotypic 
analyses were only conducted on this strain. 
Characterization of the slr0228 insertion mutant 
Growth analyses 
Growth is one of the easiest phenotypes to monitor when examining a cyanobacterial 
mutant. Mann et al. (2000) reported that insertional inactivation of slr0228 impairs the 
growth of Synechocystis PCC 6803 under moderate to high light growth conditions (Mann et 
al. 2000). To confirm and extend these findings, the growth characteristics of the slr0228 
mutant which was generated in our lab were examined. Wild type and mutant cells were 
cultured in liquid BG-11 medium under both photoautotrophic and photoheterotrophic 
conditions ( +/- glucose), as well as under three different light intensities (10, 50 and 100 
1 -2 -1) umo es m s . Aliquots were then removed from the flasks and cells were counted 
periodically during a 150 hour time period. Each data point represents the average of three 
independent experiments. 
Figs. 6A and 6B show that under low light (:S 10 umoles m-2 s-1) and normal light (50 
umoles m-2 s-1), the wild type and mutant grow at similar rates in glucose-deficient media. 
However, the mutant grows slower than normal in the presence of glucose, with a 
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pronounced lag in doubling time in low light. The mutant is also slightly bleached when 
grown in normal light (see flasks, Fig. 6B). Figure 6C shows that under high light (2: 100 
umoles m-2 s- 1), the srl0228 mutant has a slower rate of growth than the wild type in the 
presence of glucose; the mutant cells are also bleached under these conditions (see flask, Fig. 
6C). In glucose-free media, the mutant does not grow, while the wild type cells exhibit a 
slow rate of growth. 
Taken together, the growth data can be summarized as follows: 
1. Glucose and light promote optimal growth of the wild type and mutant. 
2. The mutant cells have slower than normal rates of growth in the presence of 
glucose, and become bleached as light intensity is increased. 
3. The mutant and wild type cells have similar rates of growth in the absence of 
glucose, except in high light, where the mutant cells do not divide. 
Protein analyses 
It was possible to segregate the wild type genomes away from the mutant in the 
slr0228 strain (A. Manuell and S. Rodermel, unpublished data). This suggests that this strain 
might be null for this particular FtsH gene. To examine protein expression in the slr0228 
mutant, cyanobacterial cultures were grown to absorbance 1.0 OD (50 umoles m-2 s-1) and 
thylakoid membranes were prepared. The proteins were then solubilized in SDS and 
electrophoresed through 12% SDS polyacrylamide gels. The samples were loaded on the gel 
on a chlorophyll basis. Fig. 7 shows a representative Coomassie blue-stained gel of proteins 
from wild type and slr0228 mutant membranes. As a first approach to examine FtsH protein 
levels in the mutant, Western immunoblotting experiments were performed using a 
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polyclonal antibody against the Arabidopsis thaliana AtFtsH2 (V AR2) protein. Fig. 7 shows 
that this antibody detects proteins in both the wild type and mutant, although the signals are 
significantly decreased in the mutant. Because V AR2 is closely related to slr0228, it might 
be hypothesized that at least part of this decrease in signal intensity is due to a decrease in 
content of the slr0228 protein. However, it is not known with how many of the four 
Synechocystis PCC 6803 FtsH homologs the V AR2 antibody cross-reacts. To address this 
question it would be necessary to express each cloned gene in E. coli, then conduct Western 
immunoblots on the protein extracts using the V AR2 antibody. 
The coomassie blue-stained gels in Fig. 7 show that there do not appear to be major 
differences in banding patterns between the wild type and mutant thylakoid membrane 
proteins. This suggests that the mutation in slr0228 does not cause massive secondary effects 
on protein accumulation. To confirm this, Western immunoblotting experiments were 
performed usmg antibodies generated to Arabidopsis thaliana proteins from three 
representative thylakoid membrane complexes: the D 1 protein of photosystem II, the PETC 
protein of the cytochrome bef complex, and the A TPa subunit of the ATP synthase. Fig. 8 
shows that the amounts of D 1 and PETC are somewhat increased when compared to wild 
type on both a chlorophyll and protein basis. On the other hand, A TPa protein amounts 
remain unchanged. 
Previous chlorophyll fluorescence studies have suggested that PSI is decreased in 
amount in insertional mutants of slr0228 (Mann et al. 2000). To test this hypothesis, 
Western immunoblotting experiments were conducted on wild type and slr0228 mutant 
thylakoid membranes using antibodies generated to various Photosystem I subunits from 
Synechocystis PCC 6803. Fig. 9 shows that the mutant has decreased levels of all PSI 
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proteins examined-- PsaA, PsaB, PsaD, PsaE, and PsaF. This was true whether the gel 
loadings were normalized on a chlorophyll or protein basis. 
Considered together, the data in Figs. 7, 8 and 9 are consistent with the idea that the 
slr0228 mutant has decreased amounts of FtsH (likely the slr0228 isoform). While these 
decreases do not cause a marked change in protein composition of the membrane, PSI 
appears to be decreased in amount relative to PSII and the cytochrome b6/f complex. This 
confirms the data of Mann et al. (2000). 
2-D green gel analyses 
To confirm the data in Figs. 7, 8 and 9, and also to examine FtsH complex formation 
in Synechocystis PCC 6803 thylakoids, wild type and slr0228 mutant thylakoid membrane 
proteins were examined on two-dimensional gel native green gels. Procedures were followed 
that have previously been used in our lab to examine wild type and var2 mutant thylakoids 
(Yu et al., 2004). In brief, thylakoid membranes were treated with a mild detergent and 
electrophoresed on a first dimension native green gel (Fig. lOA). This gel resolves major 
pigment-protein complexes of the thylakoid membrane. The proteins in the first dimension 
gel were then separated in the second dimension on a denaturing (SDS) gel. Fig lOB shows a 
coomassie blue-stained 2-D gel of proteins from wild type Synechocystis sp. PCC 6803 
thylakoids. Representative spots from this gel were digested with trypsin and subjected to 
mass spectrometry to identify the proteins. The type of mass spectrometry that was used was 
Matrix Assisted Laser Desorption Ionization (MALDI), which can ionize single or multiple-
charged biomolecules. Typically, MALDI is used in combination with the time-of-flight 
(TOF) mass analyzers. 
32 
Of the spots that were selected, all could be identified because the Synechocystis sp. 
PCC 6803 genome is completely sequenced. Table II summarizes the identity of these spots. 
Seven of the spots (products of the Psa genes, spots A3, Bl/B2, Cl/C2, E3, H2) are 
components of PSI. These spots migrate in a column on the denaturing gel that corresponds 
with a thick green band on the native gel. This suggests that this band is a PSI pigment-
protein complex. Subunits of other thylakoid membrane complexes can also be resolved on 
this gel. These include the ATP synthase (alpha subunit, spots Fl/Gl), PSII (Dl and D2, 
spots A2 and Hl) and the cytochrome b6ijcomplex (apocytochrome f, spots B3/C3). 
It was of particular interest to identify the FtsH spots on the 2-D gels. To do this, 
Western immunoblot analyses were conducted on the 2-D gels using the VAR2 antibody. As 
illustrated in Fig. l lA, there are three major cross-reacting bands. However, when similar 
Western experiments were performed with slr0228 thylakoid membranes, only one of these 
bands decreased in abundance (arrows in Fig. 1 lA and l lB). The approximate molecular 
weight of this band is between 60-70 kD, which corresponds to the expected size of FtsH. It 
is therefore likely that this band contains at least one isoform of FtsH. The identity of the 
other cross-reacting bands are not known. 
The FtsH band can observed on the coomassie blue-stained gels from wild type and 
mutant (arrows, Figs. l lA and l lB). Consistent with the Western analyses, this band is 
markedly decreased in abundance in the mutants. To assess the composition of this band, 
seven spots that encompassed different regions of this band were selected for MALDI-TOF 
analysis. Spots Al, Dl, El, G2, and F2 were from the wild type gels and spots D3 and G3 
were from slr0228 mutant gels. In the five spots from wild type, peptides from slr1604, 
slr0228 and sll14763 were observed. For example, for spot Al, 6 peptides were observed for 
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slr1604, two for slr0228 and one for sll1463 (Table III). For the mutant spots D3 and 03, 
peptides were found that only matched slr1604 and sll1463. As anticipated, none matched 
slr0228. The lack of a match of slr1390 might suggest that this is a low abundance protein. 
Western immunoblot analyses of Arabidopsis thylakoid membranes have revealed 
that VAR2 is present in multimeric complexes (Yu et al., 2004). The composition of these 
complexes (number and type of subunits) is not known. However, these complexes are 
visible after 2-D native green gel analysis in a band that extends from -70 kD to greater than 
-300 kD on the denaturing gel. These results have been confirmed by gel filtration (Yu et al., 
2004). In contrast to the Arabidopsis data, the Western analyses in Fig 11 reveal that the 
band that cross-reacts with V AR2 does not extend to significantly higher molecular weight 
regions of the denaturing gel. This suggests that FtsH isoforms in Synechocystis PCC 6803 
that correspond to V AR2 are not present in large multimeric complexes in the thylakoid 
membrane of this species. 
Characterization of the slll 463 insertion mutant 
The mutant segregation experiments showed that the sll1463 transformant might be a 
knockout mutant. To date, the growth characteristics of this mutant have been examined, and 
protein analyses have been carried out. 
Growth analyses 
As with the slr0228 mutant, wild type and sll1463 mutant cells were cultured in liquid 
BG-11 medium under both photoautotrophic and photoheterotrophic conditions, as well as 
under three different light intensities (10, 50 and 100 umoles m-2 s-1). Similar to the growth 
experiments with the slr0228 mutant (Fig. 6), Fig. 12 shows that growth of wild type and 
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sll 1463 mutant is promoted by glucose and light. However, in contrast to the slr0228 mutant, 
the slll 463 transformant has a normal rate of growth under all conditions tested. In addition, 
the light-dependent bleaching that is evident with the slr0228 mutant cells is not as apparent 
with the sll1463 transformant (see flasks, Figure 12). 
Protein analyses 
To study the steady state protein levels in the thylakoid membranes of the sll1463 
transformant and wild type cells, similar experiments were conducted as for the slr0228 
mutant (Figures 10, 11). Fig. 13A shows the results of Western immunoblot experiments of 
thylakoid membrane proteins using polyclonal antibodies against the Arabidopsis thaliana 
V AR2 and cytochrome bef PETC proteins. There is no significant difference between the 
wild type and mutant in the abundance of either protein. This was verified by Western 
immunoblot analysis of 2-D green native gels of the mutant and wild type (Fig. 14). In 
addition, marked changes in protein expression between the wild type and sll 1463 mutant are 
not evident in coomassie blue-stained SDS gels (Fig. 13B) or in 2-D green gels (Fig. 14). 
Considered together, these findings suggest that inactivation of s111463 does not dramatically 
impair the abundance of Synechocystis sp. PCC 6803 thylakoid membrane proteins. 
In summary, several lines of evidence suggest that the sll1463 FtsH isoform is not 
essential for viability and growth of Synechocystis PCC 6803: 
1. It is possible to segregate away wild type copies of the genome in the sll1463 
mutant. 
2. The sll 1463 mutant has similar rates of growth to wild type under all conditions 
tested. 
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3. There are not dramatic alterations in thylakoid membrane protein abundance in 
the mutant. 
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CHAPTER 4. DISCUSSION 
Our lab has been interested in the mechanism of Arabidopsis thaliana var2 
variegation. The var2 mutation causes the formation of green and white leaf sectors in 
Arabidopsis, where the green sectors contain normal chloroplasts and the white sectors 
contain non-pigmented plastids that lack organized internal membranes (Chen et al. 1999). 
The VAR2 gene was positionally cloned and shown to have high similarity to the FtsH family 
of AAA proteins (Chen et al. 2000). These studies led to an attempt to understand more 
about the functions of FtsH genes in plants. 
Cyanobacterium is thought to be the endosymbiotic progenitor of chloroplasts in 
plants and is a model genetic system, especially for studies of photosynthesis. One of the 
great advantages of Synechocystis sp. PCC 6803 is the efficiency of homologous 
recombination between the Synechocystis genome and exogenous DNA. Thus, it is feasible 
in this species to obtain targeted gene replacement to understand gene function. The 
Synechocystis genome contains a highly conserved group of FtsH genes: slr0228, slr1390, 
sll1463, and slr1604. In this thesis I made progress in generating and characterizing 
knockout mutants of these four genes. 
Efforts to generate slr1390 and slr1604 mutants 
In the first set of experiments, FtsH genes slr1390 and slr1604 were targeted for 
genetic inactivation. The plasmid constructs and transformed cells were successfully 
generated by genetic engineering approaches that are illustrated in Fig. 1 and Fig. 2. 
However, PCR analyses showed that wild type gene copies were present in the mutants even 
37 
after multiple rounds of segregation ( 4-8) (Figure 4 ). Thus, I was unable to completely 
segregate mutants for slrl390 and slr1604. 
The continued presence of wild type genes even after multiple rounds of segregation 
demonstrates that slrl390 and slrl604 are important in Synechocystis sp. PCC 6803. I 
hypothesize that a lack of these genes results in a lethal phenotype, and thus that these genes 
are needed for survival. Since I was unable to obtain complete knockouts, partial reductions 
of gene expression may be a way to understand slr1390 and slr1604 function. One way in 
which I can explore the functions of these proteins is to down-regulate their expression using 
antisense or RNAi technologies. These have proven to be effective tools to study processes 
in higher plants and other organisms, as well as the cyanobacterium, Anabeana. These 
strategies allow one to reduce protein expression, without necessarily abolishing it. 
Phylogenetic analysis shows that slr1604 is closely related to AtFtsH5N ARl and 
AtFtsHl (Sakamoto et al. 2003 and Yu et al. 2004). slrl390 is closely related, first, to its 
Synechocystis homologue slr0228 and, second, to three Arabidopsis genes: AtFtsH6 and to 
the AtFtsH2N AR2 and AtFtsH8 pair. Another way to test the function of the slrl 390 and 
slrl604 gene products is to express them in Arabidopsis mutants that lack FtsH proteins. In 
particular, because slr1390 has high similarity to the AtFtsH2N AR2 homologue, it would be 
interesting to express this gene in the Arabidopsis var2 mutant, which lacks AtFtsH2N AR2. 
The var2 mutation causes a variegated phenotype in Arabidopsis, so if slrl390 and V AR2 
have similar functions, slrl390 might be able to complement var2, restoring a wild type 
phenotype. In a similar manner, slrl604 is highly similar to AtFtsH5N ARl in Arabidopsis. 
Therefore expression of the slr1604 gene in the Arabidopsis varl mutant, which is a null 
mutant for AtFtsH5N ARl, would be a test of the similarity of function of VARI and slrl604. 
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If so, the variegated phenotype of var 1 would be converted to a wild type phenotype. If 
these experiments worked, other cyanobacterial FtsH genes could be transformed into the 
Arabidopsis mutants to see whether they complement. 
Efforts to characterize the slr0228 mutant 
A previous student in the Rodermel lab inactivated the slr0228 gene via homologous 
recombination (A. Manuell 2000 and S. Rodermel, unpublished data). To characterize this 
mutant, I first examined its growth under different conditions (low, moderate, and high light) 
and in the presence or absence of glucose. Overall, the growth data under the conditions 
tested indicate that (1) Light and glucose promote optimal growth. Basically, these two 
factors provide energy for intracellular reactions: light promotes ATP formation via 
photosynthesis, whereas glucose promotes ATP formation via oxidative phosphorylation. (2) 
In the absence of glucose, wild type and mutant cells have similar rates of growth, except in 
high light, where the mutant cells do not divide. This suggests that slr0228 mutant cells are 
impaired in photorepair. This conclusion is consistent with the results of others who showed 
that knockout of slr0228 results in a lack of D 1 repair (Silva et al. 2003). (3) In the presence 
of glucose, mutant cells have slower rates of growth than wild type and become bleached as 
light intensity is increased. I hypothesize that the bleaching is a result of photodamage under 
increased light intensities. The mutant is able to grow because a carbon source is present and 
thus it able to synthesis NADP+ to NADPH and also make ATP. 
Since the Arabidopsis V AR2 antibody seems to cross react with Synechocystis FtsH, I 
performed Western immunolotting experiments to detect the levels of FtsH in thylakoid 
membranes of slr0228 mutant compared to wild type. At a steady state level, the cross 
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reaction signal with V AR2 antibody is dramatically reduced in the slr0228 mutant. The 
decrease in band intensity at about 70kDa suggests that the band is slr0228. A second 
possibility is that inactivation of slr0228 may lead to a decrease of another FtsH homologue 
that reacts with the V AR2 antibody. 
I also wanted to understand if photosynthetic complexes are affected in the slr0228 
mutant so I used additional Arabidopsis antibodies against the Photosystem II D 1 protein, the 
cytochrome bef PETC complex, and the ATP synthase a-subunit. I observed cross reactions 
of these antibodies with Synechocystis sp. PCC 6803 thylakoid membrane protein samples at 
the expected sizes of each protein. D 1 and PETC protein expression seemed to be slightly 
increased in the slr0228 mutant, suggesting that a lack of slr0228 has an impact on the 
accumulation of PSII and the cytochrome b6/f complex. In contrast, there was no noticeable 
change in the amount of the ATP-synthase a- subunit, suggesting that a lack of slr0228 has 
no obvious impact on ATP-synthase abundance. Decreases in various PSI proteins are 
consistent with previous data showing that inactivation of slr0228 affects PSI function and 
accumulation (Mann et al. 2000). 
To investigate the composition of slr0228 mutant thylakoid membranes, I analyzed 
two dimensional native green gel patterns. I observed decreases in banding patterns 
corresponding to the same size as the FtsH protein, which is about 70 kDa, in slr0228 mutant 
2-D gels when compared to wild type 2-D gels (Fig. 11). In addition, I probed the wild type 
and slr0228 mutant second-dimension gels with Arabidopsis V AR2 antibody and observed a 
cross reaction and a distinct decrease in protein level. This is consistent with previous results 
from the one-dimensional Western immunoblots. Taken together, these data indicate that the 
slr0228 mutant is deficient in FtsH. 
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To gain more insight into this question, I identified proteins on the 2-D gels by mass 
spectrometric analysis, matrix-assisted laser-desorption ionization time of flight (MALDI-
TOF). This technique allowed me to identify twenty-four spots that were selected from both 
wild type and slr0228 mutant second dimension gels. The group of protein spots that were 
chosen from wild type gels at the proposed FtsH band (six total spots) led to the 
identification of Synechocystis FtsH slr1604, each time as the first match with 6 peptides. 
The second identification was slr0228, matching 2-3 peptides. The third protein identified 
was sll1463, on average matching a single peptide. Although I cannot firmly state that 
because more peptides are matched that a specific protein is the most abundant, these data 
favor the idea that slr 1604 is more abundant than slr0228 and sll 1463 in the wild type cells. 
In slr0228 mutant second-dimension gels I did not identify the slr0228 protein in the spots 
selected, which seems likely because the gene is knocked out. However, one peptide was 
identified for slr1604 and one peptide for sll1463. Because fewer than expected slr1604 
peptides were found, I speculate that the loss of slr0228 leads to the decrease of another FtsH 
homologue, slr1604, as well. If so, this suggests that slr0228 and slr1604 form complexes, 
and that in the absence of one of the subunits, other subunits are turned over. To confirm this, 
it will be necessary to obtain specific antibodies to each of the four cyanabacterial FtsH 
homologues. Particularly intriguing is the fate of slr1390: because slr1390 is most closely 
related to slr0228, the question arises whether it is able to compensate for the lack of 
slr0228? 
In Arabidopsis thaliana, two bands were observed on two dimensional native green 
gels corresponding to two pairs of the FtsH gene family (1) AtFtsH2N AR2 and AtFtsH8 and 
(2) AtFtsH5N ARl and AtFtsHl (Yu et al. 2004). In contrast, I observed one band in a 
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similar location in Synechocystis two-dimensional native green gels. In the Arabidopsis 
experiments, V AR2 was found to migrate in native green gels in a broad band extending 
from monomeric to higher molecular weight forms (-350kD). This suggests that VAR2 
forms oligomers. I did not find this to be the case in Synechocystis PCC 6803, where the 
signal was more localized to the monomeric region of the gel. However, it is not clear what 
proteins the V AR2 antibody is detecting in these experiments. Again, specific FtsH 
antibodies would help resolve this question. 
Generation of the sll1463 knockout mutant 
Phylogenetic analysis reveals that sll1463 is the most distantly-related of the four 
Synechocystis PCC 6803 FtsH genes. However, it is closely-related to the Arabidopsis 
thaliana gene pair, AtFtsH7 and AtFtsH9. These genes have not been studied in great detail, 
but it is known that AtFtsH7 and AtFtsH9 are targeted to the chloroplast (Sakamoto et al. 
2003; Yu et al. 2004). 
To study the function of sll1463, I targeted the gene for genetic inactivation. The 
plasmid construct for sll1463 was generated, and the construct was successfully integrated 
into the genome of Synechocystis PCC 6803 through homologous recombination. The 
transformant was confirmed by PCR. I discovered that this mutant might be a null allele, 
since wild type copies of the genome could not be detected in the transformed cells (Fig. 5). 
To understand the basic physiological characteristics of the sll1463 mutant, I first 
studied its growth features and monitored cell growth under three different light intensities in 
the presence or absence of a carbon source, glucose. I found that the overall growth patterns 
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of the mutant and wild type were similar at all light intensities with or without glucose. This 
suggests that lack of the slll463 protein does not affect growth. 
I next performed Western immunoblot experiments on thylakoid membranes from 
mutant and wild type cells using the V AR2 antibody. I did these using two methods of 
protein separation: one dimensional SDS PAGE gels and two dimensional native green gels. 
In both systems I detected signals from a band similar in size to FtsH, which is 
approximately 60-70 kDa. This band was neither decreased or increased in amount in the 
slll463 mutant at a steady state level when compared to wild type (Fig. 7 A). One possibility 
to explain the lack of a decrease in the mutant is that sll 1463 is very-distantly related to 
V AR2 (AtFtsH2), and previous studies have shown that the V AR2 antibody does not cross-
react with Arabidopsis FtsH homologs other than AtFtsH2 and 8. Hence, the cross-reacting 
band seen in the Western blots of slll463 is probably not slll463 itself, but rather one of the 
other FtsH homologs, perhaps slrl390 and/or slr0228. An alternate explanation is that 
slll463 cross reacts with the V AR2 antibody, but the abundance of this protein is so low that 
a change in signal intensity cannot easily be detected against the background of binding to 
other, more abundant FtsH homologs. Regardless, these data do not permit me to conclude 
that the sll l 463 cells are nulls: there could be wild type copies of the genome present in these 
cells that went undetected in the PCR studies. 
I also tested the sll 1463 mutant thylakoid membranes with the Arabidopsis 
cytochrome bef PETC antibody to study the protein level of this photosynthetic complex. 
Using this antibody I saw no change when comparing wild type to the slll463 mutant cells. I 
also compared Coomassie blue-stained two dimensional native green gel patterns of wild 
type versus slll463 mutant thylakoid membranes. There were no obvious differences 
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between the two. This suggests that a lack of sll 1463 does not impact the composition of the 
thylakoid membrane. 
In summary, several lines of evidence suggest that the sll1463 FtsH isoform is not 
essential for viability and growth of Synechocystis PCC 6803: 
1. It is possible to segregate away wild type gene copies of the genome m the 
sll1463. 
2. The sll 1463 mutant has similar rates of growth to wild type under all conditions 
tested. 
3. There are not dramatic alterations in thylakoid membrane protein abundance in 
the mutant. 
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LIST OF FIGURES 
Figure 2. General concept of plasmid construction and transformation through 
homologous recombination for FtsH genes (slr1390, sll1463, and slr1604). 
(A) A representative diagram of how plasmid constructs were generated. PCR products were 
amplified using Fl/ Rl primers (dashed arrows) to amplify Fragment 1 and F2/ R2 primers 
(dashed arrows) to amplify Fragment 2 from Synechocystis PCC genomic DNA. Gene 
fragments and antibiotic resistant cassette were cloned into pBlueScript vector. 
(B) Integration of exogenous DNA into the Synechocystis genome allowing targeted gene 
replacement. 
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Figure 3. Plasmid construction and verification of FtsH homologues (slr1390, slr1604, 
sll1463) of Synechocystis PCC 6803. 
(A) Restriction enzyme map of plasmid construction for inactivation with Kanr of slr1390. 
Fl and F2 represent fragment 1 and fragment 2, respectively, of the slr1390 gene. (B) 
Complete restriction enzyme digestion of plasmid construct; Lane 1: 1 kb DNA Ladder; Lane 
2: EcoRI and Pstl; Lane 3: Pstl and BamHI; Lane 4: Pstl (C) Restriction enzyme map of 
plasmid construction for inactivation with Kanr of slr1604. Fl and F2 represent fragment 1 
and fragment 2, respectively, of the slr1604 gene. (D) Complete restriction enzyme 
digestion of plasmid construct; Lane 1: 1 kb DNA Ladder; Lane 2: Eco RI and Pstl; Lane 3: 
Pstl and BamHI; Lane 4: Pstl ; Lane 5: EcoR I and BamHI (E) Restriction enzyme map of 
plasmid construction for inactivation with Kanamycin (Kanr) of sll1463. Fl and F2 represent 
fragment 1 and fragment 2, respectively, of the sll1463 gene. Numbers indicate size of DNA 
fragments (F) Complete restriction enzyme digestion of plasmid construct; Lane 1: 1 kb 
DNA Ladder; Lane 2: EcoRI and Pstl; Lane 3: Pstl and Xbal; Lane 4: Pstl 
(A) slr1390 (B) 
EcoRI Psn Psn BamHI 2 3 4 
I F1 (1.0 kb) I Kan' (1 .2 kb) I F2 (0.95 kb) I 
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(C) slr1604 (D) 
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Figure 2. (Cont.) 
(E) sll1463 (F) 
2 3 4 
EcoRI Psft Psft Xbal 
I F1 (0.65 kb) I Kan' (1 .2 kb) I F2 (0.57 kb) I 
500bp 
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Figure 4. PCR Analysis of slr1390 at 4th Generation of Segregation. 
Agarose gel analysis of the DNA fragments amplified from the genomic DNA of wild type 
Synechocystis PCC 6803 and 1390 (4th generation) using upstream primer 1390Fl and 
downstream primer 1390R2. Lane 1: 1390 (4th gen.) (3.1 kb.) and wild type band present (3.9 
kb.); Lane 2: 1 kb DNA Ladder, Lane 3: Wild type (3.9 kb.) 
1 2 3 
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Figure 5. Mutant Confirmation of sll1463 using PCR (3rd generation) 
Agarose gel analysis of the DNA fragments amplified from the genomic DNA of wild type 
Synechocystis PCC 6803 and putative 1463 mutant strain by PCR analysis using upstream 
primer 1463Fl and downstream primer 1463R2; Lane 1: 1 kb DNA Ladder; Lane 2: Wild 
type; Lane 3: Mutant strain 1463 
1 2 3 
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Figure 6. Growth of wild type and 0228 mutant strains of Synechocystis PCC 6803. 
Cells from actively growing cultures were pelleted and resuspended in BG 11 medium 
supplemented with or without 5mM glucose under (A) low light (:5 10 umoles m-2 s-1); (B) 
normal light (-50 umoles m-2 s-1); (C) high light (~ 100 umoles m-2 s- 1) Cyanobacterial 
cultures are pictured to the right of each graph after -115 hours of growth: Wt flasks are 
pictured on the left and slr0228 (0228 mutant) are on the right. 
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Figure 7. Western blot analysis of thylakoid membranes from the wild type and 0228 
mutant strain. 
Membranes were analyzed by SDS-PAGE. Thylakoid membranes corresponding to 2.5 ug. 
chlorophyll were loaded in each lane and probed withan Arabidopsis antibody against V AR2. 
The SDS-PAGE gel was stained with commassie blue as a loading control. 
Wt 0228 
+-VAR2 
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Figure 8. Western blot analysis of wild type and 0228 mutant thylakoid membranes 
using Arabidopsis antibodies against Dl, PETC, and ATPa. Membranes were analyzed by 
SDS-PAGE corresponding to 2.5 µg of chlorophyll (left panel) and 3.75 µg protein (right 
panel) loading in each lane. 
Chlorophyll Protein 
Wt 0228 mutant Wt 0228 mutant 
Dl 
PETC 
ATPa 
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Figure 9: Western blot analysis of the thylakoid membranes from wild type and 0228 
mutant strain. 
Membranes were analyzed by SDS-PAGE and subjected to western immunoblotting using 
Synechocystis sp. PCC 6803 PSI subunit antibodies. Left panel represents solubilized 
membranes corresponding to 0.4 µg chlorophyll and the right panel represents solubilized 
membranes corresponding to 3.75 µg of protein. 
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Figure 10. Two-dimensional native green gel analysis of wild type Synechocystis sp. 
PCC 6803. 
(A) A representative first-dimension green gel with a banding pattern representing complexes 
in Synechocystis sp. PCC 6803 (B) a representative second-dimension gel is shown with 24 
spots that were selected to be analyzed by mass spectrometry. 
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Figure 11. Two-dimensional green gel analysis of wild-type and slr0228 mutant 
(A) Wild type thylakoid membrane and (B) slr0228 mutant thylakoid membrane two-
dimensional native green gels. Arrows indicate the difference between wild type and 0228 
mutant. In the boxes below are the results of western immunoblotting analyses using 
A.thaliana VAR2 antibody. 
(A) Wild type (B) slr0228 mutant 
I 
VAR2 VAR2 
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Figure 12. Growth of wild type and s111463 strains of Synechocystis sp. PCC 6803. 
Cells from actively growing cultures were pelleted and resuspended in BG 11 medium 
supplemented with or without 5mM glucose under (A) low light (:5 10 umoles m-2 s- 1); (B) 
normal light (-50 umoles m-2 s-1); (C) high light (;?: 100 umoles m-2 s-1) . Cyanobacterial 
cultures are pictured to the right of each graph after -115 hours of growth: Wt flasks are 
pictured on the left and sll 1463 (1463 mutant) are on the right. 
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Figure 13. Western blot analysis of the thylakoid membranes from wild type and 1463 
mutant strain. 
(A) Membranes were analyzed by SDS-PAGE. Thylakoid membranes corresponding to 2.5 
µg chlorophyll were loaded in each lane and immunoblotted with Arabidopsis antibodies 
against V AR2 and PETC. The immunodetection was visualized using enhanced 
chemiluminescence. (B) SDS-PAGE gel stained with commassie blue as a loading control. 
(A) Wt 1463 
VAR2 
PETC 
(B) 
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Figure 14. Two-dimensional native green gel analysis of wild type and sll1463 mutant 
thylakoid membranes 
(A) Wild type thylakoid membrane and (B) 1463 mutant thylakoid membrane two-
dimensional native green gels stained with commassie blue. Arrows indicate the similarity 
between wild type and sll1463 mutant. In the boxes below are the results of western 
imrnunoblot analyses using A.thaliana VAR2 antibody. 
(A) Wild type 
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LIST OF TABLES 
Table II. Membrane proteins of Synechocystis sp. PCC 6803 identified by MALDI-TOF 
The numbers for spot identity correspond to the two-dimensional SDS-PAGE native green 
gel (Fig. 10). Results are presented under protein summary by searching in the Uniprot 
database usino Mascot 
'b 
Spot Identity Protein Summary 
A1 ,01 ,E1 ,G2,F2,D3,G3 FtsH4 (slr1604); FtsH1 (slr0228); FtsH3(sll1463) 
A2 Psb2_Syny3 (Photosystem II Q(B) protein) 
A3 PsaE_Syny3 (PS I reaction center subunit IV) 
B1 ,B2 PsaD_Syny3 (PSI reaction center subunit II) 
B3,C3 Cyf_Syny3 (Apocytochrome f precursor) 
C1 ,C2 PsaF _Syny3 {PS I reaction center subunit Ill precursor (PSl-F)} 
02 CHLP _Syny3 (Geranylgeranyl hydrogenase) 
E2 Nucc_Syny3 (NAO (P) H-quinone oxidoreductase chain) 
E3 PsaA_Syny3 (PS I P700 chlorophyll A apoprotein A 1) 
F1 ,G1 ATPA_Syny3 (ATP synthase alpha chain) 
F3 PsbC_Syny3 (PSll 44kDa reaction center) (CP43) 
H1 PsbD_Syny3 (PS II 02 protein; (Photosystem Q(A) protein) 
H2 Psal_Syny3 9 (PS I reaction center subunit Xl(PSl-L) 
H3 P73093 (Phycolbi lisome rod-core linker polypeptide; CpcG) 
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Table III. Peptide summary report from Mascot search results 
Representative results obtained for (Al) putative FtsH wild type band from Table I. 
Observed column corresponds to the number observed by mass spectrometry, Mr (expt), is 
the mass expected. It is the mass of the neutrally charged peptides. It is 1 Dalton less so it is 
calculated as the neutral peptide. 
Observed Mr (expt.) Mr (calc.) Peptide 
FtsH4 
(slr1604) 890.46 889.46 889.48 QGGGVFLGR 
1105.57 1104.56 1104.56 VRDLFEQAK 
1330.60 1329.60 1329.62 ETLSYSDFVNR 
1374.68 1373.67 1373.71 QVVVDRPDYAGR 
1523.72 1522.71 1522.76 SYLQNQMSVALGGR 
1530.77 1529.76 1529.81 QVVVDRPDYAGRR 
FtsH1 
(slr0228) 1069.49 1068.49 1068.52 FLEYVDAGR 
1651.87 1650.86 1650.91 SRVDLPTNAPELIAR 
FtsH3 
(5111463) 1338.70 1337.69 1337.74 QVLVDRPDLAGR 
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